In this article the forearm, with its complex, continuous motion of masses during pronation/supination, was approximated by a rigid body model consisting of a radial segment rotating around an ulnar segment. The method used to obtain the model parameters is based on three-dimensional voxel data that include velocity information. We propose a criterion that allows the voxels to be attributed to either of the two segments. It is based on the notion that the rotational kinetic energy determined from the voxel data equals the kinetic energy of the rigid body model. To obtain a three-dimensional smoothing we further propose a parameterization of the shape of both segments. These shapes can then be used to determine the dynamic integrals of the segments, i.e. mass, center of mass, and inertia. Using this approach we determined all model parameters for a human forearm from three series of MRI scans in a supinated, a pronated, and an intermediate position. In the appendix, a procedure is described that allows the dynamic quantities to be scaled homogeneously without recalculation of the integrals. Thus, this article provides all essential parameters required for three-dimensional dynamic simulations of general movements of the forearm.
Introduction
The dynamic modelling of the human forearm, and the pronation}supination (PS) movement, in particular, have been treated less than adequately in the biomechanics literature. Most authors thus far were concerned with the kinematics rather than the dynamics of the PS of the human forearm. An early extensive qualitative discussion can be found in Fick (1911) . The modern studies of this subject have been motivated mostly by interest in the development of forearm prostheses. Chao and Morrey (1978) investigated the position of the rotational axes of the forarm using an orthogonal X-ray technique. They identi"ed the axis of the #exion/extension (FE) of the elbow as the center of the humeral trochlea and showed that the ulna was "xed for the PS. Youm et al. (1979) used an LED-technique to quantify the forearm motion. They determined the PS-axis along the straight line between the center of the proximal caput radii and the distal center of the ulna; and the FE-axis as the center of the humeral trochlea, independent on the rotation angle. Robin et al. (1986) used a fast computed-tomography technique to analyze the angle and the distance between the ulna and radius during the PS, but they did not give any data concerning the movements of the masses of the forearm during the rotation. An et al. (1981) determined several physiological parameters like moment arms, volumes and physiological cross sections for the muscles spanning the elbow. This investigation was supplemented by a study by Murray et al. (1995) , who measured the dependence of the moment arms of these muscles on both the FE and the PS, and compared these data to a kinematic model, based on "nite-element bones of the Viewpoint Company.
To our knowledge, in previous approaches to forearm dynamics a single rigid segment was used that rotated around two axes through the elbow joint (Hatze, 1980; Winter, 1990; Nigg and Herzog, 1999) . Peterson (1994) presented a rigid body model of the arm, but he neither gave any data concerning the dynamical parameters of his model, nor mentioned the methods with which such parameters were determined.
A single rigid body approximation is su$cient for studies of arm kinematics, of moment equilibrium situations, and of pure #exion/extension. However, for general dynamic simulations of arm movements, in particular with rapid PS components, the inertia of the forearm must be modelled using at least two segments. Otherwise, it is to be expected that the inertia and consequently the torques related to the PS will be grossly overestimated. Such a distinction between segments also allows the e!ects of muscles between humerus and ulna to be correctly modelled, as the ulna has only one degree of freedom instead of two. Obviously, the e!ects of muscles located between radius and ulna (M. pronator quadratus) cannot be modelled without making such a distinction.
The aim of the present study was to develop a method to approximate the continuum dynamics of the forearm using two rigid bodies in such a way as (a) to obtain reasonably accurate inertias for all kinds of movements and (b) to estimate the accuracy of the resulting model. Based on MRI scans (Martin et al., 1989) , the forearm was partitioned into two segments: an ulnar segment that articulates with the humerus in the elbow joint in one degree of freedom, and a radial segment that articulates with the ulnar segment around the PS-axis. The resulting kinematic and dynamic parameters of both segments of the forearm (mass, center of mass, and inertia tensor) of a young male adult are presented.
To extend the range of application of our data, a method is required for scaling the presented forearm parameters with respect to di!erent forearm geometries. To this purpose, in the appendix a linear scaling procedure is described.
Methods

Recording of 3 series of MRI-scans
Our analysis was based on three series of t2-weighted MRI-scans of the forearm of one 29 year old male subject. The subject gave his informed consent to the procedure. The resolution of the MRI-scan was 0.55 mm in the slice plane, i.e. 256 pixel of the MRI-scan corresponded to 14 cm. Each series was limited to 22 slices 1 cm apart. The skin was marked in order to put the elbow approximately at the same position in each series. The scans covered most of the forearm, approximately from the radial tuberositas to the ulnar incisure. Series 1 was taken in supinated, Series 3 in a pronated and Series 2 in an intermediate position. The exact PS-angle of the positions was determined from the scans (see results).
To use the ulna as the common body of reference for all three series, the longitudinal displacement was reduced further to less than 0.5 cm by omitting the "rst slice of the supinated and intermediate series and the last slice of the pronated series such that the remaining 21 successive scans of each series had the best correspondence. The transversal and rotational misalignments were minimized by rotating and translating numerically the slices of the supinated and pronated series based on a linear longitudinal parametric "t.
Of the remaining 3;21 scans, every 4th one was selected for further evaluation, resulting in 6 scans of each series, 4 cm apart, renumbered 2, 6, 2 , 22 from distal to proximal. The resulting superposition of the six scans of all three series is presented in Fig. 1 As the distance between the olecranon and the processus styloideus of the ulna (26 cm) exceeded the size of the MRI coil for high-resolution scans (23 cm), it was not possible to include the humero-ulnar and the radiocarpal joint in the scans of the forearm. To determine the points and axes of articulation between forearm, humerus, and hand, it was therefore necessary to "t a bone polygon set of the arm bones (Viewpoint Company) to the bony surfaces determined in the 22 scans of the supinated series. The joint axes of the bone polygon set were determined by repeatedly "tting the shape, orientation, and position or rotational surfaces to the surfaces of the trochlea and the ossa carpi of the bone polygon set using a visually guided iterative procedure.
Quantifying the movement of the tissue
As an example, the movement of the forearm tissue between slice 2 of the pronated series and slice 2 of the intermediate series is shown in Fig. 2 .
To quantify such movements, we approximated the nonlinear mapping M G of the supinated onto the intermediate series (i"1) and the pronated onto the intermediate series (i"2). This was done under visual supervision by local rotation and translation of small square areas of one slice of the supinated and pronated series, respectively, onto the corresponding slice of the intermediate series, so that characteristic local structures were brought into congruence.
The x-and y-component of the mapping corresponding to Fig. 2 are shown in Fig. 3 . For small areas, where no characteristic local structures could be found, the mappings were interpolated by means of a two-dimensional polynomial "t of third order.
The PS-axis was determined by "tting circles to the joint surfaces of radius and ulna of the superpositioned slices 2 and 22 of all 3 series. The intersections of the PS-axis with the intermediate slices were calculated by interpolation.
With the knowledge of the mappings M of the tissue and of the rotational axis, the local rotation of each voxel " (x, y, z) relative to this axis could be calculated for both mappings. x and y are the horizontal and vertical coordinates in the slice planes, and z is measured in the direction orthogonal to the slice planes. To determine the rotational angles M G between the radius and the ulna, only voxels representing bony tissue were used.
The PS-axis di!ered from the orthonormal of the slice by a skew angle of 10.93. Thus the mapping actually relied on the assumption that the pixels belong to longitudinal structures parallel to the PS-axis. The small angle Fig. 1 . Superposition of the three MRI-series after translation and rotation of the supinated and pronated series so that the ulna remained invariant by PS in all three series. Shown are the slices 2, 6, 10, 14, 18, and 22 in intervals of 4 cm. Slice 2 (distal) cuts the forearm slightly proximal to the tuberositas radii. Slice 22 (proximal) cuts the forearm slightly distal to the incisura ulnaris of the radius.
error introduced by projecting the circular movement under the skew angle was neglected. The e!ect of this error could be estimated by the comparison of the results of the partition by both mappings (see discussion).
Voxel-based partitioning into two distinct segments
The partitioning of the forearm masses into a radial and an ulnar segment marks the transition from a continuum to a rigid body model. The basic idea for this partitioning was to postulate that the kinetic energy (of a slow rotation around the PS-axis) of the continuum case, which could be determined by the mappings, should equal the kinetic energy of the rigid body case * still to be determined. This partitioning was done for both mapping separately, so that a comparison of the resulting two partitions allowed an assessment of the soundness of the rigid body assumption over a broad range of PS-angles.
In general, the rotational Kinetic energy E of a mechanical system is given by
where is the angular velocity vector of the mass element dm at the position r. is the magnitude of , and r , is the length of the perpendicular distance from r to the axis. The origin of the coordinate system is placed on the axis.
The distance of the voxels to the axis was measured in the slice planes. With de"ned as the angle between the slice planes and the PS-axis, "r , /(sin ) holds true. We assume that is linearly related to the rotational angle , i.e. that " / t.
Now, E
has to be calculated for the movement determined by the mappings, i.e. with " (x, y, z) depending on the voxel position. In contrast, in a true rigid body all were identical for a single segment, i.e. " for the radial and "0 for the ulnar segment. As most of the tissue will move less than the angle of the radial bone , the assumption that a voxel of the soft tissue belongs to the radial segment will in general overestimate its kinetic energy. The overestimation can be compensated by attributing only a fraction of the soft tissue to the radial segment. It seems sound to select only those parts which contribute most to the kinetic energy of the radial segment. Thus the requirement that the kinetic energies of the continuum and of the rigid body case should be equal provides an implicit equation for the unknown cut-o! value g \ of the individual contribution of each voxel to the kinetic energy.
More formally, this is written as follows:
The common factor /2( t sin ) of both sides can be eliminated. The resulting terms are proportional to E and were denoted as G and G . Writing the integrals as sums over the voxel data this reads
with the index k indicating the voxels. The contribution of the kth voxel to G is de"ned as g I :
. This resulted in a dependence of G on the cut-o! value, i.e. G "G (g U ) and g U was given implicitly by condition
Comparison of the two mappings
Actually, the resulting g I , G and g U depended on the mapping M G . The di!erence between G and G should allow for a consistency check of the partition of the forearm and, therefore, of the description of the PS by a model of rigid bodies.
If both partitions were identical, the following relation would hold true:
Actually, the measured value of G was only 5.8% larger than ( / ) G .
Parameterization of the partition
In order to minimize the discretization error and to obtain a unique model of the forearm, we propose a parameterization of the surfaces of both voxel-based partitions. This parameterization description was then used in a numerical Monte-Carlo-integration procedure to calculate the relevant integrals.
The surface of the forearm of series 2 was explicitly parameterized by a family of rotated and deformed ellipses
where 3 For the parameterization of the intersegmental border an implicit approach was used. We de"ned an auxiliary function " (x, y, z),
where (x, y) measured the directions in the plane of the slices, z3 [0.5, 26.5] , q corresponded to the PS-axis, and q ran parallel to that. Each position r with a (x, y, z) larger than a U (z) * still to be determined * was de"ned as belonging to the radial segment. The partition-parameter U (z) was found for the slices 2, 6, 2 , 22 by the requirement, that the masses of the segments resulting from the voxel-based partition should equal those from the model-based partition. Voxels with ' U could be identi"ed only in slices with an index i)14. As an approximation of the function U (z) a rational function with a pole at z"18 was therefore "tted to the data of both mappings.
The di!erence of the number of voxels with ' U , as a measure for the range of validity of the method, was 4.6% between the two mappings. The di!erence of the number of voxels between the parameterized model and the voxel-based criterion, i.e. the fraction of voxels that were placed in the opposite segment because of the parameterization, was less than 6.8% for both mappings.
The voxel and model-based partitions as well as the parameterization of the surface of the forearm for the slices 2, 6, 2 , 22 resulting from the mapping M are shown in Fig. 4. 
Dexning and referencing the coordinate systems
To relate the quantities of the ulna and radius to the other segments of the kinematic chain of the arm, i.e. the upper arm and the hand, the coordinates and direction of the elbow joint axis and the center of rotation of the hand-joint axis have to be known.
In de"ning an anatomical coordinate system, one has to decide whether to use bony landmarks, which would simplify the determination of the coordinate system in vivo, or rotational axes and joint centers, which would simplify its usage in a computer model. Because of our interest in this study to provide data for numerical simulations of the PS, we opted for the functional approach and de"ned the anatomical coordinate systems as follows (cf. Chadwick et al., 1996) :
center of the trochlea z-axis:
de"ned by the origin and the center of the (distal) ulnar head. The direction is from distal to proximal The irregular border in the slices 2, 6, 10, and 14 result from the voxel-based partition of the segments. The smooth curves represent the parameterized surface of the forearm and the parameterized partition of both segments corresponding to Eq. (7) and (8) with the respective U .
x-axis:
orthogonal to the z-axis and in the plane de"ned by the z-axis and the axis of the trochlea. The direction is towards the radius.
y-axis: z-axis;x-axis
Radius:
Origin: center of the capitulum z-axis:
de"ned by the origin and the center of the scaphoid contact surface of the distal radius. The direction is from distal to proximal x-axis: orthogonal to the z-axis and in the plane de"ned by the z-axis and the PS-axis i.e. the axis de"ned by the origin of the radial coordinate system and the center of the distal ulna. The direction is de"ned so that the scalar product between the x-and the PS-axis is negative y-axis:
z-axis;x-axis Hand: Origin:
rotational center of the radial-hand joint
Results
Dynamic and kinematic parameters of a male forearm
The angle between the z}x-planes of the ulna and radius was 79.53 for the intermediate position. The angles between the ulna and radius in the supinated and pronated position was "!44.8$2.43and "70.5$1.23, respectively. In Table 1 , we present the data resulting from the evaluation of the parameterized model for the arm studied in this article. As density of the forearm we assumed 1.14 g/cm (Drillis and Contini, 1966; Contini, 1972; Winter, 1990) . The center of masses and the normalized principal axes of the inertia tensor of each segment are given with respect to the respective anatomical coordinate system.
The kinematic connection between the segments is established by giving the origin of the distal segment in coordinates of the proximal segment, i.e. giving the radial origin in ulnar and the hand origin in radial coordinates.
Radial origin: (0.0213, 0.0017, !0.0170) . Hand origin: (!0.0036, 0.0006, !0.2611) . The direction of the axis between the radial and linar segment is given with respect to both the ulnar and the radial anatomical coordinate system. Radial-ulnar-axis: (0.0889, 0.0070, 0.9960) "(0.0829, 0.0000, 0.9966) .
In order to be able to apply our results to other subjects as well, in the appendix we describe a simple method for scaling the integrals linearly and in the direction of the axes. Such scaling will give reasonable results if the ratio of circumferences of the forearm at wrist and elbow to the distance between the proc. Styloideus radii and the olecranon are close to the measurements of the forearm in this study, which were 17.5 cm : 26.5 cm : 26 cm.
Discussion
Discussion of the errors
The errors that possibly contributed to the di!erences between the two voxel-based partitions were numerous. They included magnetic "eld inhomogenities, deformation of the arm because of its placement in a cushion, eventual movements of the arm during recording, the discrete nature of the mapping, the suppositions for the rotational movement, and inaccuracies in the determination of the PS-axis. However, the error of the mass of the radial segment can be estimated by the 4.6% di!erence between the number of voxels that were attributed to it by either mapping. Correspondingly, the 5.8% di!erence between the weighted G-values is a direct estimation for the error of the component of the inertia tensor in the direction of the PS-axis. These small di!erences show that within a range of 44.93#70.53"115.53, our rigid body model represents a good approximation for the PS.
An additional error is made by the parameterization. Because of the parameterization, 6.8% of the radial segment voxels that were a result of the voxel-based partition were attributed to the ulnar segment and vice versa. However, it can be expected that smoothing the voxelbased partition's rough borders, which where at least partly the result of the discrete mapping process, would rather reduce the error of the voxel-based partition in the sense of a regression. Last but not least, because of the smoothness of G as function of the cut-o! value, such erroneous attribution results in a much smaller error for the kinetic energy.
We therefore estimate the error value for the integrals evaluated by the Monte-Carlo-integration of the parameterization of the forearm to be approximately 5%.
Another source of error was the impossibility of recording the elbow joint in the MRI-scans. The repeated "tting of the bony surfaces of the MRI-data onto a commercial bone polygon set to augment the geometrical data resulted in a standard deviation of 53 for the direction of the axis of the trochlea. The resulting error for the size of the main axes of the inertia tensor is negligible because of its high degeneracy in the x-and y-direction.
One #aw of this study could have resulted from the method of using the kinetic energy of a slowly rotating body to determine its dynamic integrals, which in turn are to be used in simulations of accelerated fast movements. If the shear modulus of the forearm were low, i.e. if the forearm tissue were very elastic, this would be indeed the case. Then radial torques within the physiologic range would elicit large local displacements without much e!ect on neighboring structures because of low shearing forces. Consequently, the movement angle of a voxel would not be a unique function of the angle of rotation of the bony radius as is assumed in this study, but would also depend on the angular velocity and acceleration. Fortunately, the anatomy of the forearm supports the contrary. As we have shown, the rotational component of the tissue movement is by far the most dominating component. The incompressibility of the tissue, together with the longitudinal structures that keep the anatomy in place during fast PS, e.g. the interossea membrane, guarantee that the dependence of on angular velocity and acceleration can safely be neglected even for accelerated fast movements (within the physiologic range).
Discussion of the results
The construction of our forearm model is based on a number of assumptions: constant density of tissue, relevance of kinetic energy for the partitioning of body masses, and a "xed rotational axis in both the radial and the ulnar coordinate systems. As there is only one axis between the radial and the ulnar segment, it seems reasonable to choose this axis as the symmetry axis for the border surface of the two bodies. This would facilitate constructing a physical model of both segments such that they would not penetrate each other during rotation. However, such restriction would have resulted in an anatomically incorrect representation of the shape of the articulations between ulna and radius. At the elbow, the rotation of tissue takes place around the caput radii, i.e. the articulation surface of the ulna is concave, while at the wrist the rotation takes place around the distal caput ulnae, i.e. the articulation surface of the ulna is convex. Consequently, the sign of the curvature of the border surface changes between wrist (cf. Fig. 4 , slice 2) and elbow (cf. Fig. 4, slice 14) . We therefore decided to respect the anatomy rather than to aim at a simple physical model.
It should be noted that for dynamic simulation the actual shapes of the simulated bodies are irrelevant because they do not appear in the di!erential equations of movement. As any inertia tensors could be produced by an in"nite number of mass arrangements, a physical model of the forearm that would not interface with rotation can nevertheless be build on the basis of our dynamical parameters.
As we have shown, the mass between the radial and ulnar segment is ca. 1 : 4.5, whereas the relation between their inertia-tensors is ca. 1 : 11. It is obvious from these numbers that an approach that merges radius and ulna into a single segment rotating around the longitudinal axis would considerably overestimate the inertia during PS.
Furthermore, our study underlines the predominance of hand inertia in comparison to forearm inertia during PS movements. Hatze (1982) cites an inertia for a rotation of the hand around its long axis (for a male adult subject) as being approximately twice the value that we arrived at for the radial segment. Consequently, at least two thirds of the kinetic energy of the PS (depending on hand orientation) are stored in the hand. The inertia of the hand for a PS can be minimized by locating the center of mass onto the rotational axis, i.e. by a small abduction of the hand. Such abduction can actually be observed as a spontaneous adjustment which people show if they are asked to pronate/supinate as fast as possible. On the other hand, it can also be inferred that the radial inertia is still too large to justify a total neglection in any arm movements with an appreciable PS component.
If the data are used for simulations of arm movements in three dimensions, another property of the inertia tensors should be noted. In both tensors the principal axis in the longitudinal direction is smaller than the principal axes in the transversal direction by a factor of ca. 6, while the transversal axes are quite similar. Hence, when the principal axes are used to de"ne a new coordinate system, as is often done to accelerate dynamical simulations, the coordinate system could be rotated arbitrarily around this longitudinal axis, resulting in only small errors.
Future developments might use new techniques in the area of fast elastic alignment (Schormann et al., 1996) to automize the matching process, or could determine the velocity "elds that are necessary to determine the kinetic energy for the partition in vivo by cine phase contrast MRI, as was done by Sheehan et al. (1998) for the knee joint.
In summary, this study may be seen from two viewpoints. From a model builders' perspective it presents an interesting way to adapt (and evaluate) a rigid body model to a problem of continuum mechanics. It would be desirable for this method to be applied to other parts of the body that are similarly hard to parameterize, such as the shoulder region. From the perspective of someone who wants to simulate arm movements, this study provides the necessary data for the numerical calculation of arm dynamics.
